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Abstract
UDP-galactose 4-epimerase from Escherichia coli catalyzes the interconversion of UDP-glucose and UDP-galactose. In
recent years, the enzyme has been the subject of intensive investigation due in part to its ability to facilitate nonstereospecific hydride transfer between P-NADH and a 4-keto hexopyranose intermediate. The first molecular model of the
epimerase from E. coli was solved to 2.5 8, resolution with crystals grown in the presence of a substrate analogue,
UDP-phenol (Bauer AJ, Rayment I, Frey PA, Holden HM, 1992, Proteins Struct Funct Genet 12:372-381). There were
concerns at the time that the inhibitor did not adequately mimic the sugar moiety of a true substrate. Here we describe
the high-resolution X-ray crystal structure of the ternary complex of UDP-galactose 4-epimerase with NADH and
UDP-phenol. The model was refined to 1.8 8, resolution with a final overall R-factor of 18.6%. This high-resolution
structural analysis demonstrates that the original concerns were unfounded and that, in fact, UDP-phenol and UDPglucose bind similarly. The carboxamide groups of the dinucleotides, in both subunits, are displaced significantly from
the planes of the nicotinamide rings by hydrogen bonding interactions with Ser124 and Tyr 149. UDP-galactose
4-epimerase belongs to a family of enzymes known as the short-chain dehydrogenases, which contain a characteristic
Tyr-Lys couple thought to be important for catalysis. The epimerase/NADH/UDP-phenol model presented here represents a well-defined ternary complex for this family of proteins and, as such, provides important information regarding
the possible role of the Tyr-Lys couple in the reaction mechanism.
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The use of substrate analogues has had profound impact on our
understanding of enzyme structure and function, as evidenced, for
example, by the elegant X-ray crystallographic studies of thermolysin. By studying the three-dimensional structures of thermolysin
complexed with various substrate or transition state analogues, it
has been possible to propose, in combination with other biochemical information, a detailed catalytic mechanism for the enzyme
(Matthews, 1988). As in any X-ray crystallographic investigation,
however, the results must be approached with caution, because the
compounds employed in such studies are not true substrates or
intermediates. For example, in the recent structural investigation of
the enzyme phosphotriesterase complexed with the substrate analogue diethyl 4-methylbenzylphosphonate, it appears that the inhibitor does not bind in a manner imitating true substrate binding
(Vanhooke et al., 1996).
This issue of potential artifactual binding has been a concern in
the structural investigations of UDP-galactose 4-epimerase from
Escherichia coli. As part of the Leloir pathway for the metabolism
Reprint requests to: Hazel M. Holden, Institute for Enzyme Research,
Graduate School and Department of Biochemistry, University of Wisconsin, Madison, Wisconsin 53705; e-mail: holden@enzyme.wisc.edu.

of galactose, this enzyme catalyzes the interconversion of UDPgalactose and UDP-glucose as shown in Figure 1 (Caputto et al.,
1949).
For X-ray quality crystals to be obtained, the original crystallization trials included the substrate analogue, UDP-phenol (Bauer
et al., 1991). Although the subsequent structural analysis of the
enzyme at 2.5 8, resolution allowed for the polypeptide chain to be
traced and the active site to be identified, there were concerns that
the aromatic portion of the substrate analogue might not be positioned correctly to mimic true sugar binding (Bauer et al., 1992).
A key feature of the proposed catalytic mechanism for epimerase
is the presence of an active site base that presumably abstracts a
proton from the 4’-hydroxyl group of the sugar. In the original
structure of the epimerase/NAD+/UDP-phenolcomplex, there were
no potential enzymatic bases located within approximately 5 A of
the phenyl moiety. Also, it was suggested that the aromatic group
of the inhibitor perturbed the conformation of the NAD+ cofactor
because the nicotinamide ring adopted the anti- rather than the synconformation, as might be expected for a B-side-specific enzyme.
Recent high-resolution X-ray analyses of the epimerase in both the
oxidized and reduced states have demonstrated, however, that the
orientation of the nicotinamide ring is dependent upon the redox
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Fig. 1. Interconversion of UDP-galactose and UDP-glucose.
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state of the cofactor (Thoden et al., 1996a). In addition, the recent
structural determination of theepimerase/NADH/UDP-glucoseabortive complex further emphasizes the lack of a “traditional” base,
such as an aspartate, a glutamate, or a histidine, within 5 8, of the
4‘-hydroxyl group of the sugar (Thoden et al., 1996b). Quite unexpectedly, the 4’-hydroxyl group of the glucose moiety is located
at 2.6 8, from 0 7 of Ser 124.
The molecular structure of the epimerase complexed with UDPphenol has now been refined to 1.8 8, resolution. As described
here, the original concerns about the use of the substrate analogue
were unfounded and, in fact, the inhibitor served as a reasonable
model for substrate binding. X-ray coordinates for the model presented here have been deposited in the Brookhaven Protein Data
Bank or may be obtained immediately via e-mail at holden@
enzyme.wisc.edu.

Results and discussion
Overall three-dimensional structure of UDP-galactose
4-epimerase complexed with UDP-phenol

Crystals employed in this investigation contained two subunits per
asymmetric unit that were related by a local twofold rotational
axis. Note, however, that noncrystallographic symmetry restraints
were not applied during the least-squares refinement procedures.
a-Carbons for these two subunits were superimposed with an RMS

deviation (RMSD) of 0.29 A, whereas all atoms were superimposed with an RMSD of 0.60 A. Because the average temperature factors for Subunit I1 were slightly lower (25.5 A2) than
those for Subunit I (29.2 8,’). the following discussion will refer
only to Subunit 11 unless otherwise indicated.
As shown in Figure 2, UDP-galactose 4-epimerase is a homodimer with overall dimensions of approximately 58 8, X 78 A X
76 8,. The dinucleotide cofactors are separated by more than 22 8,.
Each subunit is composed of 338 amino acid residues and folds
into two distinct domains: the N-terminal region responsible for
dinucleotide binding, and the C-terminal portion involved in substrate positioning. The N-terminal domain contains seven strands
of parallel P-pleated sheet flanked on either side by a total of six
a-helices arranged in a modified “Rossmann-type” or dinucleotide
binding fold. The C-terminal domain is simpler, with five P-strands
and four helical regions. There are two parallel a-helices in each
monomer, delineated by Pro 93 toMet 11 1 and Pro 148 to Ala 166,
that provide the structural framework for the subunit:subunit interface. The surface area lost upon dimer formation is approximately 1,900 8,’.as calculated according to the method of Lee and
Richards ( 1 97 1 ) with a probe sphere of 1.4 8,.
Conformation of the dinucleotide

Electron densities corresponding to the cofactors in Subunit II are
displayed in Figure 3. In the original structural investigation, the
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Fig. 2. Ribbon representation of the epimerase dimer with bound NADH and UDPphenol. This figure was prepared with the
software package, MOLSCRIPT (Kraulis,
1991).Dinucleotides and substrate analogues
are shown in ball-and-stick representations.
The molecular dyad of the dimer is perpendicular to the plane of the figure.
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Fig. 3. Electron density Corresponding to the
bound NADH and UDP-phenol. The electron
density shown was calculated to 1.8 A resolutionwithcoefficients of the form (ZF, Fc),where F, and F, were the native and calculatedstructure-factoramplitudes,respectively. The map was contoured at1u.Average
B-values for the NADH and UDP-phenol moieties were 17.0 A* and 28.0 A*, respectively.

electron density corresponding to the nicotinamide ring of the
NAD' was not especially well-defined at 2.5 A resolution (Bauer
et al., 1992). Furthermore, the nicotinamide ring adopted the antirather than the syn-conformation, and it was suggested that this
resulted fromthe presence of the nearby phenyl group of the
substrate analogue. As canbe seen in Figure 3, the electron density
for the nicotinamide group is well-ordered in this high-resolution
model. For the preparation of the crystals employed in this study,
oxidized enzyme was incubated with 10 mh4 UDP-phenol in the
presence of HEPES buffer. Enzymatic assays after such incubations demonstrated a >95% loss of activity due tothe reduction of
the dinucleotide cofactor (Y.Liu & J.B. Thoden, unpubl. results).
This inadvertent reduction of the dinucleotide in the presence of
UDP-phenol and HEPES buffer is compatible with previous biochemical evidence indicating that the formation of NADH is rather
nonspecific when a uridine nucleotide is bound to the epimerase.
For example, whereas UDP-mannose is not a substrate forthe
enzyme, it does reduce the dinucleotide cofactor (Nelsestuen &
Kirkwood, 1971). Furthermore, Tris buffer has been shown to
reduce the epimeraseNAD'complex
in the presence of UMP
(Konopka et al., 1989).
As can be seen in Figure 4A and B, the carboxamide groups for
the two dinucleotides in the asymmetic unit are tilted away from
the approximate planes of the nicotinamide rings. In the epimerase
complexed with NAD', the nicotinamide ring adopts the synconformation and the carboxamide group lies in the plane of the
ring, as depicted in Figure 4C (Thoden et al., 1996a). In addition,
by comparing the structures of the epimeraseDIAD+/UDP and
epirneraseNADWUDP complexes, it was observed that the side
chains of Phe 178 and Phe 218 adopted different orientations depending upon the redox state of the dinucleotide (Thoden et al.,
1996a). In the reduced form of the enzyme, Phe 178 faced away
from the nicotinamide ring of the dinucleotide and Phe 2 18 was

involved in a parallel stacking interaction with the uridine ring of
the mononucleotide. The orientations of these side chains in the
model presented here are virtually identical to those observed for
epimeraseDIADWUDP complex, thus providing further structural
evidence that the NAD+ became reduced upon the incubation and
crystallization processes. In the epimeraseiNADWUDP-glucose
abortive complex, the nicotinamide ring adopts the syn-conformation
even though the nucleotide is reduced (Fig. 4D). Taken together,
these various enzyme models, including the epimeraseNADH/
UDP-phenol complex described here, demonstrate that the orientation of the nicotinamide ring depends upon two factors: the redox
state of the cofactor and the structure of the specific moiety attached to the @phosphate of UDP. The presence of a substituent
attached to the UDPcofactor, either a sugar or in this case a phenyl
group, may increase the hydrophobicity of the binding pocket,
thereby increasing the redox potential of the NAD+.
Regarding the refined epimerase model described here, the observed angles between the carboxamide groups and the planes of
the nicotinamide rings are slightly different for the two NADH
molecules in the asymmetric unit as shown in Figure 4A andB. In
Subunit I, the carboxamide group is tilted away from the plane of
the nicotinamide ring by 34". whereas in Subunit II the angle is
only 17". The hydrogen bonding patterns around the carboxamide
groups are slightly different as well. In Subunit I, the carbonyl
oxygen of the carboxamide group is located within 2.8 8, of 0 7 of
Ser 124 and 2.6 8, of 0 7 of Tyr 149, whereas the amide nitrogen
is located at 3.2 A and 3.0 A, respectively, from the carbonyl
oxygens of Tyr 177 and Phe 178. In contrast, the carbonyl oxygen
of the carboxamide group in Subunit II is located more closely to
OY of Ser 124 (2.3 A) than to 0 7 of Tyr 149 (2.9 A). In addition,
its amide group hydrogen bonds to the carbonyl oxygen of Phe 178
(2.9 A) and a water molecule (2.9 A). For comparison purposes,
the carboxamide group in the epimeraseDIADWUDP complex is
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Fig. 4. Observed conformations of the nicotinamide rings. A: NADH for Subunit I of the epimeraseMADmP-phenol complex.
B: NADH for Subunit I1 of the epimeraseMADHAJDP-phenolcomplex. C:NAD+ in the epimeraselNAD+/UDP complex determined
at 2.0 8, resolution (Thoden et al., 1996a). D NADH in the epimeraseNADHAJDP-glucose abortive complex determined at 1.8 8,
resolution (Thoden et al., 1996b). E: NADH in the epimerase/NADH/UDP complex determined at 1.8 8, resolution (Thoden et al.,
1996a). F Dinucleotidesin the epimerase/NADHAJDP-phenol,
epimeraseNAD+/UDP,epimeraseNADHAJDP-glucose,and epimerase/
NADHAJDP complexes are shown in black, green, blue, and red, respectively.(Figure continues on following pages.)

structures studied thusfar. In this complex, however, both Tyr 149
tilted away from the plane of the nicotinamide ring by 25",
as
and Ser 124 participate in hydrogen bonds to the glucose moiety
shown in Figure 4E. In this structure, the carbonyl group of the
rather than to the carboxamide group
of the dinucleotide. A comcarboxamide moiety lies at 2.7 8, from 0 9 of Tyr 149 and 2.4 8,
parison of the above-mentioneddinucleotide conformations
is given
from 0 7 of Ser 124. Interestingly, in the epimerase/NADH/UDPglucose abortive complex, which presumably mimics the geometryin Figure 4F. Note that the restraints employed during the leastsquares refinements of each of the above-mentioned models were
of the active site most closely, the carboxamide group is only 3"
identical. A search
of coordinates for NAD+ and NADH analogues
out of the plane of the nicotinamide group, but the ring is signifin the Cambridge DataBank reveals that the carboxamide groups
icantly more puckered than observed in all the other epimerase
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Fig. 4. Continues.

of these small molecules typically lie in the planes
of the nicotinDescription of the active site with bound
amide rings regardlessof the oxidation states of the dinucleotides. NADH and UDP-phenol
Most likely the tight hydrogen bonding interactions observed between the carboxamide group of NADH, Ser124, and Tyr 149 dA stereo view of the active
site for Subunit 11 is displayed in
low for the significant tilts observed in the epimeraseflrJADwuDP Figure 5. The inhibitor and the dinucleotide are situated in the
and epimerase/NADH/UDP-phenolcomplexes. In the epimerase/
binding cleft such that one of the carbons in the phenyl of
ring
the
NAD+/UDPand epimerase/NADWUDP-glucosecomplexes, these UDP-phenol lies at 3.5 8, from C-4 of NADH. Potential electrointeractions between Ser 124, Tyr 149, and the carboxamide moi- static interactions between the NADH and the epimerase are deeties are not present,so that the carboxamide groupslie within the
picted schematically in Figure 6A. The interactions between the
protein and the NADH cofactor are nearly identical to those obplanes of the nicotinamide rings.
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served in theepimeraseiNADHAJDPcomplex
(Thoden et al.,
1996a). Of the 15 direct interactions between the protein and the
NADH, 4 are contributed by backbone amide nitrogens (Tyr 11,
ne 12, Asn 32, and Asn 35) and 2 are formed by the carbonyl
oxygens of Phe 80 and Phe 178. Side chains responsible for anchoring the adenosine portion
of the NADH to the protein include
Asp 31, Ser 36, Asp 58, and Asn 99. There are two lysine residues
that play important roles in substrate binding: Lys 84, which hydrogen bonds to one of the phosphoryloxygens,andLys
153,
which serves to anchor the nicotinamide ribose to the protein.In
addition toLys 84, Asn 35 also hydrogen bonds to one of the

phosphoryl oxygens of the NADH. As described previously, both
Ser 124 and Tyr 149 interact with the carboxamide group of the
NADH and displace it from the plane of the nicotinamide ring.
There are nine solvent molecules that hydrogen bondNADH.
to the
The interactions betweenthe UDP-phenol and the epimerase
are
diagrammed schematically in Figure 63.There are eight direct
contacts between the protein and the substrate analogue. Threeof
these interactionsare contributed by the backbone amide nitrogens
of Leu 200 and Phe 21 8 and the carbonyl oxygenof Ala 216. Side
chains responsible for positioning the phosphate backbone of the
UDP to the enzyme are Asn 179, Asn 199, Arg 23 1, and Arg292.
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Fig. 5. Close-up view of the active site for the epimerase/NADH/UDP-phenolmodel. Amino acid residues located within3.2 A of the
NADH and the UDP-phenol are shown. Orderedwater molecules are represented as red spheres. For the sake of clarity, Ala 216,
Phe 218, and Arg 231 were omitted from the figure.

Asp 295 hydrogen bonds to the 2”hydroxyl group of the ribose.
There are an additional six water molecules that interact with the
substrate analogue. The interactions observed between the UDP
moiety of the inhibitor are nearly identical
to those observedin the
epimerase/NADWUDP-glucose abortivecomplex.Assuch,
the
UDP-phenol clearly served as a good mimic with respect to UDP
binding.
Comparison of the epimeraseNADH/UDP-phenol
and epimeraseNADHAJDP-glucosecomplexes

cosidic bond linking the riboses to the nicotinamide groups. Other
than these differences, the active sites for the epimerase/NADW
UDP-phenol and theepimerase/NADH/UDP-glucosestructures are
remarkably similar and emphasize the usefulness
of the inhibitorin
the initial structural investigations.
Comparison of UDP-galactose 4-epimerase
with dihydropteridine reductase and
3a,20P-hydroxysteroid dehydrogenase

The epimerase from E. coli has been the subject of intensive biochemical investigationsfor many years. According to all data availA superpositionof the activesites for the epimeraseNADWUDPable presently, the catalytic mechanism
of the enzymeis thought to
phenol and epimerase/NADH/UDP-glucosecomplexes is given in
Figure 7. The a-carbons for these two models were superimposed proceed via a 4-ketose intermediate (Frey, 1987).It has been postulated that the active site contains a catalytic base that functions
with an RMSD of 0.30 A. For comparison, the a-carbons for the
to abstract a proton from the 4“hydroxyl group of the glucose or
epimerase/NADWUDP-phenol modelweresuperimposedupon
galactose substrate.In a concerted fashion, a hydride is transferred
those of the epimerase/NADH/UDP and epimerase/NAD+nlDP
from the4- position ofthe sugarto the nicotinamide ring
of NAD’,
complexes withRh4SDs of 0.34 A and 0.65 A, respectively. There
thereby leading to a 4-ketopyranose intermediate. This putative
are two significant differences between the epimerase/NADWUDPintermediate isbelieved to rotatein the active site via several
phenol model and the abortive complex. As can be seen, the tortorsional angles along the phosphate backbone of UDP (Thoden
sional angles for the nucleotide portions of the UDP-phenol and
et al., 1996b). Such rotations presumably present the opposite side
UDP-glucose molecules are virtually identical up to the angledeof the 4-ketose intermediate to the reduced nucleotide, thus allowfined by the a$-bridging oxygen and the P-phosphorus. At this
ing return of the hydride from NADH to the opposite side of the
bond, however, there is a difference of approximately 25” in the
sugar.Both the abortive complex and the enzyme/NADWUDPtorsional angles such that the glucose
1- and the phenyl 1-oxygens
phenol models demonstrate there are no “traditional” bases in the
are displaced by0.65 A. The second major difference between
general vicinities of the glucose or phenyl moieties.
these two protein complexes occurs in the orientation of the nicFrom amino acid sequence analyses, however, it has become
otinamide ring. The two NADH molecules can be superimposed
apparent that UDP-galactose 4-epimerase belongs to a superfamily
upon each other byan approximate 160” rotation about the gly-
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exact molecular species present in the active site has not been fully
characterized (Tanaka et al., 1996b).
The a-carbon atoms for dihydropteridine reductase (Varughese
et al., 1992) and the epimeraseMADWUDP-glucose complex were
superimposed, as shown in Figure 8, according to the algorithm of
Rossmann and Argos (1975). The abortive complex, rather than the
epimeraseMADWUDP-phenol model, was chosen for these comparisons simply because the nicotinamide ring of the dinucleotide
is in the syn- rather than anti-conformation. The RMSD between
126 structurally equivalent a-carbons for the epimerase and dehydrogenase is 1.8 A. Dihydropteridine reductase catalyzes the
reduction of dihydrobiopterin to tetrahydrobiopterin and is a member of the Tyr-(Xaa)3-Lys-containingfamily of enzymes that possess a Tyr 146-Lys 150 couple thought to play a critical role in
catalysis (Varughese et al., 1994). As canbe seen, both the tyrosine
and lysine residues are structurally equivalent in epimerase (Tyr 149Lys 153). In dihydropteridine reductase, however, Ala 133 is the
structural equivalent of Ser 124 in the epimerase. Recall that this
serine residue formsa tight hydrogen bond to the 4’-hydroxyl
group of the glucose in the epimerase abortive complex andis
thought to play an important role in the catalytic mechanism.
Although it has not been possible thus far to obtain the structure
of dihydropteridine reductase in the presence of both a dinucleotide and a substrate analogue, model-building studies by Varughese
et al. (1994) have suggested that Lys 146 influences the chemical
character of the phenolic side chain ofTyr149.
The distance
between the €-amino group of Lys 146 and Oq of Tyr 149 is more
than 5
however. In the epimerase/NADH/UDP-phenol and
epimerase/NADH/UDP-glucose models, which represent structures of ternary complexes, the distances between these functional
respectively. Indeed, whereas the
groups are 4.8 8, and 5.0
conserved lysine residue may influence the pK,of the phenolic
side chain of the tyrosine, it is striking that in all the epimerase
models determined thus far, the €-amino group ofLys 153 is located within hydrogen bonding distance of the 2‘- and 3’-hydroxyl
groups of the nicotinamide riboside. It is possible that the high
degree of conservation exhibited by this lysine residue may be due
in part to its important role in the proper positioning of the dinucleotide. Recent site-directed mutagenesis experiments in which
Lys 153 has been replaced with an alanine or methionine have
shown that the catalytic activity of the epimerase is reduced by a
factor of more than IO3 (Swanson & Frey, 1993). Additionally, the
crystal structures of both mutants demonstrate that the nicotinamide/
ribose portions of the NADHs are significantly displaced from the
binding pocket (J.B. Thoden, unpubl. results). It is striking, however, that located within a 5-8, radius sphere centered about Oq of
Tyr 149, there are two formal positive charges, one of which is
contributed by the €-amino group of Lys 153. The second positive
charge originates from the nicotinamide ring of the dinucleotide
itself. The phenolic oxygen of Tyr 149 is located at approximately
3.6 8, from the nicotinamide ring nitrogen. This excess of positive
charge within 5 8, could lower the pK, of the hydroxyl group of
Tyr 149, thereby allowing it to act in some type of proton transfer
mechanism as suggested by Varughese et al. (1994). The positive
electrostatic field may also enhance the reactivity of NAD+ toward
hydride transfer (Burke & Frey, 1993).
A superposition between the epimeraselNADHAJDP-glucose
model and the holo-form of 3a,20P-hydroxysteroid dehydrogenase, near the active site, is displayed in Figure 9 (Ghosh et al.,
1991, 3994b). The 3a,20P-hydroxysteroid dehydrogenase reversibly oxidizes the 3 a and 20P hydroxyl groups of androstanes and

A,

A,

Fig. 6. Potential electrostatic interactions between the protein and the nucleotides. Contacts within 3.2 8, betweenepimeraseandtheNADHand
UDP-phenol moieties are shown in (A) and (B), respectively.

of proteins that includes mammalian 3P-hydroxysteroid dehydrogenase, plant dihydroflavonol reductase, Nocardia cholesterol dehydrogenase, and open reading frames in vaccinia virus and fish
lymphocystis disease (Baker & Blasco, 1992). In addition, structural comparisons of 3a,20P-hydroxysteroid dehydrogenase, dihydropteridine reductase, and the epimerase have revealed a common
core of approximately 180 structurally equivalent amino acid residues (Holm et al., 1994). Recently, the X-ray crystallographic
analyses of 7a-hydroxysteroid dehydrogenase from E. coli, mouse
lung carbonyl reductase, and 170-hydroxysteroid dehydrogenase
have also revealed that these proteins have similar structures to
that observed for the epimerase (Ghosh et al., 1995; Tanaka et al.,
1996a, 1996b). Although these various enzymes are involved in a
wide range of metabolic processes, it has been suggested that their
reaction mechanisms may be similar (Person et al., 1995). Because the X-ray coordinates for the 7a-hydroxysteroid dehydrogenase and the mouse lung carbonyl reductase are on hold in the
Brookhaven Protein Data Bank, the following comparisons will
focus only on dihydropteridine reductase and 3a,20P-hydroxysteroid
dehydrogenase. Furthermore, whereas the structure of the ternary
complex for the 7a-hydroxysteroid dehydrogenase is known, the
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Fig. 7. Superposition of the active sites for
the
epirneraseMADWUDP-phenol
and
epimeraseMADWUDP-glucose complexes.
The abortive complex is shown in red and
the epimerdADHAJDP-phenol model is
shown in black.

S36

pregnanes. A total of 117 a-carbons between these two enzymes
were superimposed with anRMSD of 1.2 A. A model for the
3a,20D-hydroxysteroid dehydrogenase complexed with carbenoxolone is also known (Ghosh et al., 1994a). Rather than demonstrating the geometry for a ternary complex of the enzyme, however,
the hemisuccinate side chain of the inhibitor displaced the NADH
from the active site. Based on both the holo-enzyme structure and
the dehydrogenase/carbenoxolone complex model, Ghosh et al.
(1994a) suggested that a catalytic triad composed of Ser 139,

I

..:

I

I
k

Tyr 152, and Lys 156 plays a critical role in the activity of the
enzyme. As can be seen in Figure 9, these residues in epimerase,
namely Ser 124, Tyr 149, and Lys 153, are located in identical
positions. Note that the reactions carried out by both thedehydrogenaseand the epimerase represent reversible oxidations of hydroxyl groups to keto moieties. Thus, it may be speculated that the
reaction mechanism of epimerase proceeds through the same catalytic triad as in the dehydrogenase. If Tyr 149 in the epimerase is,
indeed, ionized, then a possible catalytic mechanism might be as

Fig. 8. Superposition of the a-carbons for
dihydropteridine reductase and the abortive
complex of epimerase near the active sites.
The dihydropteridine reductase model was
obtained from the Brookhaven Protein Data
Bank (DHF'RI) and is shown in red. The
epimerase model is shown in black. Nucleotides andSer 124, Tyr 149, and Lys 153 are
depicted in ball-and-stick representations.

2158

J.B. Thoden et al.

Fig. 9. Superposition of the a-carbons for
the holo-formof 3a,20phydroxysteroid dehydrogenaseandtheabortivecomplex
of
epimerase nearthe active sites. Thedehydrogenase model was obtained from the
BrookhavenProteinDataBank(BHSD2)
and is shown in red. The epimerase model is
depicted in black. Nucleotides and Ser 124,
Tyr 149, and Lys 153 are displayed in balland-stick representations.

shown in Figure 10A. Accordingly, Ser 124, which is located at
2.6 8, from the 4'-hydroxyl group of glucose, acts as the proton
shuttle between the sugar and the phenolic side chain of Tyr 149.
The distance between 0 9 of Tyr 149 and OY of Ser 124 is 4.6 8,
in the epimerase/NADWUDP-glucose model, which is somewhat
longer than would be expected for such a proton network. On the
other hand, this distance is measured in an abortive complex. In a
productive epimerase/NAD+AJDP-glucosecomplex, Tyr 149 might
move closer to Ser124. Given that epimerase/NADH/UDP-glucose
is anabortive complex, however, the observed positions of Ser 124
and Tyr 149 may not be exactly the same as ina catalytically active

Ser 124

A

I

complex. In an alternative mechanism, as shown in Figure 10B,
Ser 124 binds the 3'-hydroxyl group and Tyr 149 interacts directly
as the general base with the 4'-hydroxyl group of the substrate.
This possible mechanism is more similar to that proposed for the
7a-hydroxysteroid dehydrogenase from E. coli, although, in the
case of the dehydrogenase, it is believed that both the tyrosine and
the serine interact with the same hydroxyl group (Tanaka et al.,
1996b). The roles of Ser 124, Tyr 149, and Lys 153 in the catalytic
mechanism of UDP-galactose 4-epimerase are presently being addressed by a combination of site-directed mutagenesis experiments, kinetic analyses, and X-ray crystallography. Note that the
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Fig. 10. Possible catalytic mechanisms for UDP-galactose 4-epimerase based on current structural models.
A: According to this
mechanism, Ser 124 acts as a proton shuttle between the 4'-hydroxyl group of glucose and the presumed phenolate side chain of
'Qr 149. B: In this possible mechanism, 'Qr 149 interacts directly with the 4'-hydroxyl group of the glucose.
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reaction catalyzed by the epimerase is somewhat more complicated than those of the dehydrogenases in that there is an initial
dehydrogenation, followed by a rotation of the intermediate in the
active site, and then a final reduction. Consequently, it is possible
that, although all of these short-chain dehydrogenases contain the
same “catalytic” triad, their reaction mechanisms proceed in different manners.
Conclusions
The
high-resolution
structural
analysis
of UDP-galactose
4-epimerase described here demonstrates that the UDP-phenol inhibitor was, indeed, a suitable analogue for the natural substrates,
UDP-glucose and UDP-galactose. Furthermore, this structure represents a well-defined ternary complex model for an enzyme belonging to the family of short-chain dehydrogenases. By comparing
the three-dimensional structures of the epimerase in both the oxidized and reduced forms, and complexed with UDP-glucose or
UDP-phenol, it is now apparent that Ser 124 and Tyr 149 most
likely play critical roles in catalysis.
The orientations of the nicotinamide rings in complexes of epimerase with uridine nucleotides can be rationalized on the basis of
the hydrogen bonding requirements for Ser 124 and Tyr 149. The
nicotinamide ring is in the syn- orientation in the complexes of
epimerase/NAD’/UDP and epimeraseNADWUDP-glucose(Thodenet al., 1996a, 1996b),and it is in the anti-orientation in
the complexes of epimerase/NADH/UDP (Thoden et al., 1996a)
and epimerase/NAD(H)/UDP-phenol (Bauer et al., 1992). In the
anti-complexes, Ser 124 and Tyr 149 are both hydrogen bonded to
the carboxamide group of the nicotinamide, and Tyr 149 also interacts with the 2’-hydroxyl group of the nicotinamide ribotide
moiety. In the syn-complexes, neither Ser 124 nor Tyr 149 are
hydrogen bonding to the carboxamide group, although Tyr 149
retains its hydrogen bond with the 2’-hydroxyl group. In the syncomplexes, the hydrogen bonding requirements for Ser 124 and
Tyr 149 are satisfied in part by interactions with the glycosyl ring
in the complex of epimerase/NADH/UDP-glucoseor with solvating water molecules in the complex of epimerase/NAD+/UDP. The
syn-orientation projects the si-face of the nicotinamide ring toward
the glycosyl ring of the substrate (Thoden et al., 1996b), and this
is the side that accepts substrate hydrogen (Frey, 1987). Therefore,
the active conformation must be syn, and Ser 124and Tyr 149 must
normally hydrogen bond to the substrate.
The observation of Ser 124 and Tyr 149 hydrogen bonding to the
nicotinamide carboxamide group in the anti-conformation appears
to arise from the absence of the usual hydrogen bonding partners

for these residues. In the epimerase/NAD+/UDP complex, there
is no glycosyl group to provide hydrogen bonding partners to
Ser 124 and Tyr 149; however, the site is very polar owing to the
positive charge on the nicotinamide ring and the negative charge
on Tyr 149, the pK, of which may be as low as 6, based on the pH
profile for activity. The site is accessible to water and maybe
solvated with diffusible water molecules that can transiently form
hydrogen bonds to Ser 124and Tyr 149. In a solvating medium, the
hydrogen bonding requirements of Ser 124 and Tyr 149 can be
satisfied, so they do not bind the carboxamide group of the nicotinamide ring, which remains syn. In the case of the epimerase/
NADWUDP complex, the nicotinamide ring is neutral and Tyr 149
is protonated and neutral. This site of decreased polarity and hydrophilicity is less highly solvated with water molecules. The hydrogen bonding requirements of Ser 124 and Tyr 149 could, in
principle, be satisfied either by the fixation of water molecules
serving as partners, or by the nicotinamide-carboxamide group.
The latter is found and results from the conformational flipping of
the nicotinamide ring into the anti-orientation. This rationalizes the
dependence of the nicotinamide orientation on the redox state of
the pyridine nucleotide in the complexes of epimerase with UDP.
What of the complex formed between epimerase and UDPphenol described here? The crystal structure demonstrates that the
phenyl ring occupies the glycosyl subsite and that the nicotinamide
ring is in the anti-conformation. Regardless of the redox state of
the dinucleotide, the phenyl ring of the UDP-phenol creates a
stabilization problem for Ser 124 and Tyr 149 because it does not
provide hydrogen bonding partners and it excludes solvating water.
Consequently,thenicotinamidering
is flippedintoits
anticonformation to satisfy the hydrogen bonding potentials of Ser 124
and Tyr 149.

Materials and methods
Pur$cation and crystallization procedures
Recombinant UDP-galactose 4-epimerase was expressed in E. coli
and purified according to procedures published previously (Thoden et al., 1996a). The specific activity for the enzyme employed
in the crystallization trials was 12,000 unitdmg. As a note of
comparison, the highest enzymatic activity ever observed for the
E. coli epimerase was 13,000 unitdmg (Vanhooke & Frey, 1994).
The substrate analogue, UDP-phenol, was synthesized according
to the scheme of Roseman et al. (1961).
For crystallization experiments, the enzyme, at 40 mg/mL in
10 mM potassium phosphate, pH 7.0, was first incubated at 4 “C

Table 1. Intensity statistics
Resolution range
Overall

No. of measurements
No. of independent reflections
Completeness of data (%)
Average intensity
Average sigma
Rfacto;

(%)

aRfactor =

146,373
68,170
97
3,246
224
4.6

(XII - r l / C I ) x 100.

30.G3.6
2.50
27,940
8,905
95
10,OOO
327
2.7

2.86
21,382
8,847
98
4,862
276
3.7

1.80
20,371
8,881
99
1,885
199
5.9

(A)

1.88
2.271.98

2.11

18,091
8,807
98
1,144
1 87
8.4

16,507
8,292
95
886
191
10.2

15,373
8,678
93
60 1
187
14.0

14,474
8,197
91
388
168
18.3

12,235
7,563
87
262
151
23.0
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Table 2. Least-squares refinement statistics
Resolution limits (A)
R-factor (%)a
No. of reflections used
No. of protein atoms
No. of water moleculesb

30.0-1.8
18.6
68, I70
5,402
91 1

Weighted RMSDs from ideality
Bond length (A)
Bond angle (deg)
Planarity (trigonal) (A)
Planarity (other planes) (A)
Torsional angle (deg)'

x

Q*,
0.011
2.2
0.008
0.014
15.0

t

/x

aR-factor = IF,- F,I
IF,I, where F, is the observed structurefactor amplitude and F, is the calculated structure-factor amplitude.
addition to the water molecules, a sodium ion and an ethylene glycol
molecule were also included in the refined model.
'Torsional angles were not restrained during refinement.
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for2h with 5 mM UDP-phenol. Next, 10 pL of the enzyme
solution was mixed with 10 pL of the precipitant solution containing 20% PEG 8000, 50 mM HEPES, pH 7.0, and 500 mM
NaCI, and allowed to equilibrate via the hanging drop method of
vapor diffusion. Rod-shaped crystals grew out of an initial precipitate and reached maximum dimensions of 0.3 X 0.4 X 1.2 mm.
The crystals belonged to the space group P212121with unit cell
dimensions of a = 76.0 A, b = 78.7 8,, and c = 128.6 A, and
contained a dimer in the asymmetric unit.
X-ray data collection and processing

Prior to X-ray data collection, crystals were transferred from the
hanging drops to a synthetic mother liquor containing 20% PEG
8000,600 mM NaCI, 5 mM UDP-phenol, and 50 mM HEPES, pH
7.0. Following equilibration for several hours, the crystals were
serially transferred to a final cryoprotectant solution containing
25% PEG 8000,900 mM NaCI, 5 mM UDP-phenol, 15% ethylene
glycol, and 50 mM HEPES, pH 7.0, in four steps over a period of
20 min. Subsequently, the crystals were suspended in a thin film of
the cryoprotectant with a loop of fine surgical thread and flashcooled to - 150 "C in a nitrogen stream.
A three-dimensional X-ray data set was collected to 1.8 8, resolution at -150°C with a Siemens HI-STAR dual area detector
system equipped with double-focusing mirrors. The X-ray source
was Cu K a radiation from a Rigaku RU200 rotating anode generator operated at 50 kV and 90 mA and equipped with a 300-pm
focal cup. The X-ray data were processed with the software of
Kabsch (1988a, 1988b) and scaled internally with the program
XSCALIBRE (G. Wesenberg & I. Rayment, unpubl. results). Only
one crystal was required to collect a complete X-ray data set to
1.8 8, resolution. Relevant X-ray data collection statistics can be
found in Table 1.
Computational methods and quality of the X-ray model

The original structure of epimerase complexed with UDP-phenol,
as determined to 2.5 8, resolution (Bauer etal., 1992), served as the
starting model for the least-squares refinement with the program
TNT (Tronrud et ai., 1987). Alternate cycles of refinement and

Fig. 11. Ramachandran plot of all non-glycinyl main-chain dihedral angles for Subunits I and 11. Fully and partially allowed +,$ values are
enclosed by solid and dashed lines, respectively. The only significant outliers were Phe 178 in both subunits. Electron densities for these regions in
both subunits were unambiguous. Average E-values for allatoms of
Phe 178 were 26.5 A' and 25.2 A' in Subunits I and 11, respectively.

manual model building with the program FRODO (Jones, 1985)
reduced the R-factor to 18.6% for all measured X-ray data from
30.0 to 1.8 8,. Relevant refinement statistics can be found in
Table 2. Ideal stereochemistries for the dinucleotide and the UDP
moieties were based on the small molecule structural determinations of Reddy et al. (1981) and Viswamitra et al. (1979), respectively. The nicotinamide ring of the NADH was not restrained to be
planar. In addition, the carboxamide group was not restrained to lie
within the plane of the nicotinamide moiety. The refined model
contained 91 1 waters, one sodium ion, and one ethylene glycol
molecule. The average E-value for the waters was 42.6 A2. Of the
612 non-glycinyl residues in the asymmetric unit, 29 adopted dihedral angles outside of the allowed regions in the Ramachandran
plot. Most of these $,+ angles were close to the allowed regions,
however, as shown in Figure 11.
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